We report the identification of a female patient with the X-linked recessive Lesch-Nyhan syndrome (hypoxanthine phosphoribosyltransferase [HPRT] deficiency). Cytogenetic and carrier studies revealed structurally normal chromosomes for this patient and her parents and demonstrated that this mutation arose through a de novo gametic event. Comparison of this patient's DNA with the DNA of her parents revealed that a microdeletion, which occurred within a maternal gamete and involved the entire HPRT gene, was partially responsible for the disease in this patient. Somatic cell hybrids, generated to separate maternal and paternal X chromosomes, showed that expression of two additional X-linked enzymes, phosphoglycerate kinase and glucose-6-phosphate dehydrogenase, were expressed only in cells that contained the maternal X chromosome, suggesting the presence of a functionally inactive paternal X chromosome. Furthermore, comparison of methylation patterns within a region of the HPRT gene known to be important in gene regulation revealed differences between DNA from the father and the patient, in keeping with an active HPRT locus in the father and an inactive HPRT locus in the patient. Together these data indicate that nonrandom inactivation of the cytogenetically normal paternal X chromosome and a microdeletion of the HPRT gene on an active maternal X chromosome were responsible for the absence of HPRT in this patient.
Introduction
The identification of females with X-linked recessive disorders has been reported for numerous single gene defects including deficiencies of dystrophin (Duchenne muscular dystrophy), Factor VIII (hemophilia A), and Factor IX (hemophilia B) (1) (2) (3) (4) (5) . The expression of these phenotypes in females commonly occurs in association with cytogenetic abnormalities, including 45:XO (Turner's syndrome) and X:autosome translocations. Such cytogenetic alterations favor the disease state by interrupting sequences important to gene expression or by promoting nonrandom X inactivation. Nonrandom inactivation of structurally abnormal X chromosomes has been well documented and presumably minimizes the deleterious affects of gross chromosomal rearrangements (4, 6) . We report the identification of a female with hypoxanthine phosphoribosyltransferase (HPRT) deficiency (the Lesch-Nyhan syndrome) whose disease resulted from a de novo deletion ofthe maternal HPRT gene and selection against, or nonrandom inactivation of, the paternal X chromosome.
HPRT deficiency is a disorder of purine metabolism characterized by hyperuricemia, choreoathetosis, spasticity, mental retardation, and self mutilation (7, 8) . Functional HPRT is a 217 amino acid protein encoded by a single gene on the X chromosome (Xq26-q27) (9, 10) . The human gene is divided into nine exons that are dispersed over 44 kb of genomic DNA (1 1). Affected hemizygous males inherit the mutant allele from asymptomatic carrier females or are the result of de novo gametic mutations (12) .
Methods
Cell culture. Lymphoblast cell cultures were established by EBV transformation of lymphocytes from peripheral blood of patients by standard methods. Cells were maintained in RPMI 1640 media that contained 10% FCS (Gibco Laboratories, Grand Island, NY), penicillin (100 ug/ml), and streptomycin (100 ,ug/mg) at 37'C in 5% Co2. Selection for HPRT-and HPRT+ cells took place in media containing 6-thioguanine (6-TG) and hypoxanthine, aminopterin, and thymidine, respectively, as previously described ( 13, 14) .
Southern blot analysis. Genomic DNA and cellular RNA were extracted by previously published protocols (14, 15 :,f.,' " S.'
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Results
This patient presented at 9 yr of age with the typical biochemical and behavioral characteristics of the Lesch-Nyhan syndrome (18) . Enzyme studies of fibroblasts and EBV-transformed lymphoblasts revealed a complete deficiency of HPRT and an ability to proliferate in media containing 6-TG (13), a purine analogue able to select for HPRT-deficient cells. High resolution analysis of chromosomes from the patient and her parents demonstrated normal karyotypes without evidence of mosaicism. Carrier studies of the mother found no HPRThair follicles or 6-TG-resistant lymphoblasts or fibroblasts, suggesting that this patient's disease is a result of a de novo gametic mutation (19) . Southern analysis of maternal, paternal, and patient DNA demonstrated that a gametic deletion of a single HPRT gene was, in part, responsible for this patient's disease (Fig. 1, A and  B) . Genomic DNAs from members of this family were digested with Pst I (A) and Bam HI (B) and probed with a fulllength HPRT cDNA (14, 20) . The hybridization intensity of all exon bands were reduced in the affected female compared with her mother, but were equal to her father, suggesting that the patient carried an HPRT gene deletion. Densitometric comparison of X-linked exon signals with signals derived from autosomal pseudogenes confirmed hemizygosity at the HPRT locus for this patient. Northern and Western analysis of RNA and protein, isolated from fibroblasts from each member of this family, showed that while the patient failed to produce any detectable HPRT mRNA or protein, her mother and father synthesized normal amounts of appropriately sized message and protein (data not shown).
While the microdeletion in this patient involved the HPRT gene, it did not extend into the tightly linked, anonymous DXS-10 locus (Fig. 1 C; reference 15) . DNA from family members revealed that the mother was homozygous at the DXS-10 locus for the 7.0/3.5 alleles and the father was hemizygous for the 5.0/3.5 allele, while the patient was heterozygous for these alleles (7/5/3.5 pattern). This polymorphism, in concert with somatic cell hybrids, was used to determine the parental origin of the microdeletion.
Somatic cell hybrids, derived by fusion of this patient's fibroblasts with thymidine kinase-deficient HPRT+ mouse L cells, were generated to separate maternal and paternal X chromosomes. The DSX-10 restriction fragment length polymorphism was used to determine the presence of maternal or paternal X chromosomes in each hybrid cell line. Nine hybrid lines were studied; two clones contained both the maternal and paternal X chromosomes, six contained the paternal X chromosome alone, and one cell line contained only the maternal X chromosome (Table I ). Southern analysis of the human HPRT gene sequences in these clones is shown in Fig. 2 . As predicted by dosage analysis of DNA from the affected female (Fig. 1) , a deletion ofthe HPRT gene was found and associated with the maternal X chromosome. The hybrid cell line with the single maternal X chromosome contained no human Xlinked HPRT gene sequences. Those clones that contained both the paternal and maternal X chromosomes were hemizygous for these sequences, as were those cells that contained only the paternal X chromosome. Thus, a microdeletion that occurred in a maternal gamete and involved the entire HPRT gene was partially responsible for the disease in this patient. Since functionally hemizygous female carriers of the Lesch-Nyhan syndrome remain disease free, another factor besides the microdeletion must have been crucial to pathogenesis in this patient. We studied the possibility that preferential inactivation of the paternal X chromosome or selection against an active paternal X chromosome contributed to this patient's disease. Preferential inactivation of the paternal X chromosome was investigated through study of the previously described mouse human hybrids. We studied the expression of two X-linked enzymes that flank HPRT, PGK and G-6-PD. In hybrids that contained both the paternal and maternal X chromosomes (FLN-l and FLN-2) both human PGK and G-6-PD were expressed (Fig. 3, lane 2 ; Table I ). Both enzymes were also expressed in the single hybrid that contained only the maternal X chromosome (Fig. 3, lane 3 ; Table I ). In six independently derived clones that carried only the paternal X chromosome, no human PGK or G-6-PD were detected (Fig.  3 , lanes 4-6; Table I ). These data indicate that nonrandom inactivation of the paternal X chromosome and a microdeletion of the HPRT gene on the active maternal chromosome were responsible for the absence of HPRT in this patient.
To further investigate the potential for nonrandom inacti- vation ofthe paternal X chromosome in this patient we examined patterns of methylation within the first intron of the HPRT gene in genomic DNA from the father and the patient. Two CpG-rich regions within the HPRT gene are important in HPRT gene regulation. One region, within the first intron of the gene, includes four sites that are unmethylated when carried on the active X chromosome and methylated when carried on the inactive X chromosome (21, 22 HPRT gene that affect paternal X activation must be considered. Neither of two other hemizygous carriers in our patient population with a complete HPRT gene deletion showed any evidence of disease, but the extent of their deletions was not defined. It is intriguing to speculate that the two rare events seen in this patient, HPRT gene deletion and nonrandom X inactivation, were related. In this regard it will be interesting to examine other female carriers of HPRT gene deletions for X inactivation bias, perhaps as determined by the timing of X chromosome replication. Alternatively, this patient's disease may reflect a selection against an active paternal X chromosome; however, there is no evidence to suggest that the father had an X-linked disease or that the paternal X chromosome in the patient is cytologically abnormal.
Here we report the identification of a female with the Xlinked recessive Lesch-Nyhan syndrome and suggest that her disease was the result of a microdeletion of the HPRT locus within the maternally derived X chromosome and selective inactivation of or selection against the paternal X chromosome. A schematic summary of the proposed mechanism of pathogenesis is shown in Fig. 4 . A thorough understanding of the factors involved in X inactivation and reactivation is needed to define this novel mechanism of expression of an X-linked recessive disorder in a female. How general this mechanism may be to other loci is unresolved as this is the first published example.
